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ABSTRACT

The Advanced Stellar Compass (ASC) isasccond gencration star tracker, consisting, of a
CC1) carom and its associated microcomputer. The ASC operates by matching the star
images acquired by the camera with its internal star catalogs. An initial attitude
acquisition (solving the lost inspace problem) is performed, and successively, the attitude
of the camera is calculated in celestial coordinates by averaging the position of alarge
number of star observations for cach image. Kcy parameters of the ASC for the Orsted
satellite and Astrid 11 satellite versions am: mass as low as 900" ¢, power consumption as
low as 5.5W, relative attitude angle crrors less than 1.4 arcseconds in declination, and 13
arcscconds inroll, RMS, as mcasured at the Mauna K ca, 111 observatories of the

University of 1 lawaiiin Junc1996.
LINT]< ODUCTION

1enmark recentl y completed building its
firstsatellite, Orsted | 1], A precision
star tracker 1s an integral part of its
science payload. During the initial
design phase of Orsted in 1993, the
availability of alow-mass, low-power,
low-residual-magnetism star tracker with
high accuracy and autonomy was
investigated. The study disclosed that it
was Not possible to acquire a commercial
star tracker with the required specifica-
tions. Subscquently, the Technical
University of Denmark was selected to
design and build the Advanced Stellar
Compass (ASC), a sccond generation,
solicl-state, stat tracker, for Orsted.

The first follow-on mission that will usc
the ASC after Orsted, is the Swedish
ASTRID 11 satellite [2] which is spin
stabilized at X” per s, Also, the ASC has
beenaccepted as the baseline stellar
reference unit for the Pluto Hxpress
mission, During this investigation, the
accuracy of the ASC was evaluated at

the Mauna Kca, 111 obscrvatories, of the
1)niversity of 1lawaiiin Junc1*)96.

2.'"T1IHEADVANCED STELLAR
COMPASS

Typically, a conventional star tracker
consists of aCCl)-based star camera and
itsintegral image processing electronics.
‘1 he elect ronics process the images for a
number of brightstars (?-6) and outputs
their centroids in CCI coordinates. ‘1 he
main computer onboard the spaccerafl
thenidentifices the stars and transforms
the tracker output into celestial
coordinates [ 3][4]|5]asrepresentedin
Fig. 1.

Sccond generation, solid-stale, star
trackers, such asthe ASC and the AST
|6}, dso centroid the images. However,
the star identification and image
coordinate transformation arc performed
autonomously using internal star
catalogs. ' 1'he ASC consists of separate
camera and clectronics units. The entire
star image frame is transfcrred from the
camerato the microprocessor which



processes the whole frame. First, the
ASC compares the stars of onc full
image frame 1o the whole acquisition
catalog 1o identify the stars in the FOV
and to make a coursc determination of
the pointing, dircction of the camerain
cclestial coordinates. Then, a precision
comparison is done to the larger tracking,
catalog on each subscquent image frame
as long as tracking is maintained, andthe
full accuracy pointing direction is
determined.

Conventional star tracker
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Figure 1. Representations of conventional star
tracker and ASC.

The ASC star camera (I'ig. 2) is based on
a commercial Sony camecorder CC])
chip, CI>X039A1.. The lensis custom
designed for the camera. It has a focal
lengthof 16 mm and focal ratio of £/0.7.
Its point-spread function is designed to
cover an arca on the CC1) chip of about
6 pixels in diameter. This is accom-
plished with a minimum of defocussing
and optimizcs the precision of star image
centroid extraction | 7].

‘The flight computer is a SO-MI 12.80486
lypc of processor, using 4 Mbytes of
RAM, 2 Mbytes of flash memory,
multiple protection mechanisms, and
fusclinked boot strap. Precision  timing

whi ch enables ast ronomical corrections
is obtained from a Global Positioning
System recetver [8].

The ASC operation is initiated by
acquiring a star image. Since no a priori
knowledge of the orientation exists, the
microprocessor performs apat tern
recognition of thc image asper the
published algorithms [9]] 10]. The
complexity of the problem is illustrated
in ¥ig. 3 which shows how a (XI]) imagc
containing, 12 stars ismatched to astar
catalog containing the 2200 brightest
stars. This process takes less than|
sccond !

Figure 2. Flight and engincering models of the
Orsted star camera.

Since the attitude acquisition process
determines an approximate attitude, it is
then possible to refine the attitude by
first generating a reference star pattern
based on the tracking star catalog. The
reference patiern covers the star camera
ficld of view. The real star and the
artificial stat patterns should be very
similar. A spherical least squares fit is
performed between them [ 11].°J he
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Figure 3. Hlustration of the initial attitude acquisition, matching the CCD image to the firmament.

Table 1. Key parameters of ASC variants

PARAMISTEHRS
Star gcnsrit'i'vi‘t& threshold, M,
Noise equivalent angle, 1 axis, Rh4S
Acquisition data base, number of stars
‘Tracking data base, number of stars
Relative accuracy, 1 axis, RM Scrror, arcsec
Mass, camera head, K¢,
Mass, processing clectronics, Kg

Power coﬁsmnpt ion, camera head, W
Power consumption, proc. clec’s, W
Iield of \rfi'cgf',ﬁcfégl‘éé’é a

Update rate, 11z

Permissible radiation dosage, KRad

() All(p) 1(m) 111°())
6.0) 55 6.0 9.5
0.9 1.5 -10 0.30

2,000 1,836 1,836 42,654

10,731 9,375 9,375 | 231,435
1.4 5 2.0 0.63

0.13 0.20 0.95 1.2
1.4 0.80 0.90 1.0
0.s 0.4 0.4 0.4-
5.) 7.0 6.() 110

16x22 16x22 16x22 | “3.3X45

1 2 2 1
10 10 100 100

O Orsted, Al I ASTRID 11, 11P: 1 ligh Precision, 1= Interplanctary

m: measured, p- projected

resulting attitude estimate is then
corrected for various astronomical
effects (aberration, precession, nutation)
| 12]1n order 10 obtain the output
quarternion.

Some key physical parameters of
different versions of the. ASC arc shown
inTable 1.

3. THE ME ASUREMENTS AT
MAUNA KEA

InJune 1996, the ASC was taken to the
observatorics of the University of’

1 lawaii on Mauna Kca, 1. The purpose
Of thistrip was to determine the accuracy
of the ASC with a minimal perturbing
airmass. T'wo Untversity of 1 lawaii
telescopes were used for observation, as
shownin Fig. 4.




etc.. The crror inrelative accuracy is
mceasured by pointing the star camera
toward the sky zenith anti acquiring
continuous attitude data while stars drift
through the camera FOV at the sidereal
ratc. Assuming that the epoch and
equinox of the star catalog, arc the samc
as the observing time, the declination
androll angles remain constant, whereas
the right ascension increases with the
sidereal rate. The data acquired at
Mauna Kca included azenith pointing,
series in excess of 2 hours and including
2578 images. The attitude angles arc
shown in ¥ig. 6. Right ascension is not
shown, because it is dominated by the
sidercal rate.

a, Declination, NEA

Figure 4. University of 1lawaii 24" and 88"
telescopes with ASC CHIUL

Declination {degrees)

T'wo kinds of” accuracy were determined:
the noise equivalent angle (NIA) and y
the relative accuracy [13]. The NFHA is R R T e A I e e
defined as the variation in the calculated

attitude of the ASC when it views a

constantly positioned star field, It \

b, Right ascension, NEA

includes both source and sysiem noise

terms, i .C., photon noise, dark current g

noise, cte. the NEA ismeasured utilizing I
atclescope as an ASC mount and 20
tracking a specific part of the sky. It g l
should be noted that the measurements g

include non-ASC artifacts such as L L
at mospheric perturbations and telescope R S S T s e

Image no.

pointing jitter. T'he data gathered at
Mauna Kca included 727 imagcs.
Atmospheric refraction is not corrected )

c, Roll, NEA

{for in the measurements. The measured
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angles arc showninliig. 5. o wv‘fuw«‘,m‘mwtww Sy |
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Relative accuracy was the other £ ! "“”1
parameter which was evaluated. It is 3

systematic errors including non-optima]
lens correcting function, crror in the
subpixel position interpolation function,
crrors caused by the effect of stars
leaving and entering the camera 'OV,

| ’
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defined here, asthe NJ:A plus the

Figure 5. Tracking series attitude angle
measurements..
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Figure 6. Zenith series attitude angle
measurements,

4. RELATIVE ACCURACY
MEASUREMENTS

Relative accuracy is a dynamic
charactcrization of the ASC because it
based on changing star ficlds. While
relative accuracy includes the previous
ident i fied error terms, it should be noted
that the data has been acquired over a
period of hours. This means that arti-
facts such as air stability, thermal
displacement of the camera, changing
moon light, telescope drift arc also
included in the attitude angles. These
phenomena are not directly related to the
instrument performance and should be
subtracted in order to determine the true
instrument performance. Generally,
these effects vary slow] y with time and
can be removed from the signal by
taking the Fourier transform of the
original time domain signal, subtracting
low frequencies which arec dominated by
the slowly varying artifacts and then
applying an inverse transformation back
to the time domain. The resulting signal
isamorc accurate representation of the
inherent crrors in the instrument with
suppression of the terrestrial artifacts.

‘1 he effect of subtracting frequency
below 0.0051 17 is shown in Fig. 7. The

signal component corresponding 1o the
slowly varying artifacts arc shownin a
and rapidly varying signal primarily
corresponding to | nstrument errors is
shownin b.

It isdifficult to define a specific
frequency between external artifacts and
internal instrument errors, because the
artifacts arc not quantified. in Fig.8, the
X axis's represents the lowest
frequencies not removed from the
unprocessed data and the y axis's the
RMS noise (in arcseconds). AS an
example, if the relative accuracy (zenith
pointing) of the rollangle is defined as
al frequencies higher than 0.1 1 Iz, then
itsvalueis 9 arcseconds RM S.

a, Artifact dominated components of relative accuracy
measurement, declination, freq< 0,005 Hz
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b, Instrunient dominated components of relative accuracy
measurements, decimation, freq>0,005 Hz
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Figure 7. Slow and fast varying components of
declination angles from the zenith pointing
Series.

241214 20 7 2 20

Judging by the shape of the spectral
noisc in Fig. 8, it appears that thc
dominant middle part of the curve is
white noise, as the RMS decreases
constantly with the frequencies. Also (as
expected) there arc no remaining
frequencies at 0.15 117,, which is half of
the sampling frequency. ‘1 'hc peak at the
low frequency part is belicved to be
mostly due to external terrestrial
artifacts. Based on this conservative
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Figure 8. RMS NEA and relative accuracy vs. bandwidth.

Table 2. ASC Performance Summary

- ~ [ Declinatiom
NEARMS)  © — 111 -
Relative accuracy (RMS) 147 -~

cstimate of terrestial artifacts, NJ A and
relative accuracy are given in Table 2.

5.SYSTEMATIC ERRORS

A very powerful tool 1o evaluate
systematic erpors in the ASC is (o draw
an error vector diagram. The error vector
diagram is a representation of the CCD
image. 1 ‘or each observed star a vector is
drawn toward the corresponding star in
the star catalog and the length of the
veetor is proportional to the distance. An
crror vector diagram of animagc from
the zenith pointing series is shownin
Iig. 9.

The average length of the error vectorsis
15 arcseconds. The error vector diagram
can be used to disclose if all error
vectors arc randoml y orientated. 1 ‘or
cxample, if all error vectors point toward
the center of the image, the value of the
focal length of the lens will be adjusted

|| Might ewension | Roll angle
L2 |88
NN - [10137

to eliminate the effect and only leave the
randum terms.

A single crror vector diagram, however,
does not indicate much about systematic
crrors. ‘1 herefore, it is of i nterest to
display successive error vector diagrams
imposed on the same frame. This is
depictedinlig. 10<

‘1 he error vecior diagram covers a
scquence of 200 images from the Z.cnith
series. This can be used to identify
statistical fluctuations (NI:A)and
systematic errors. Where tbc crror
vectors for a star point in tbc same
direction, it isindicative of an error in
the star databasc.

Also, it can be seenin Fig. 10 that thc
errorsin the X dircction arc greater than
thoscin tbc Y direction. This is as yet

unexplained, but may beindijcative of
systematic crrors which can be reduced
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Figure 10. A sequence of error vector diagrams from the zenith pointing series




withresult ing improved, overal 1 A SC
accuracy.

7. CONCI.USION

‘1 he highlevel of performance realized
by the 1)anishsccond generation, star
tracker has been verified at the premier
Northern hemisphere, observing site on
Mauna Kea, 111. The ASC is different
from conventional because it
autonomously solves the 10s1 in space
problem (initia attitude determination)
and determincs its attitude relative (o
celestial coordinates, rather than relative
to its CCI) image sensor.

‘The accuracy of thec ASC has been
mcasurcd in two ways, the noise
equivalent angle (statistical fluctuations)
and relative accuracy (including
systematic crrors). When the low
frequencices are removed from the
accuracy (due to external terrestrial
artifacts), the. relative accuracy is
approximately 1.4 arcscconds RMSin
pointing and13arcscconds RMSin roll.
‘1 'he systematic. errors have been
analyzced with ascquence of error vector
diagrams. Potential improvements in
accuracy have been identified.
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